Abstract Increased proliferation of intimal smooth muscle cells (SMCs) plays an important role in the early phase of atherogenesis. To investigate growth mechanisms of these cells, we used intimal SMCs from rabbits fed an atherogenic diet and examined the sequential events that may facilitate induction of intimal SMC proliferation as well as the possible effects of growth-promoting factors secreted by these cells. In serum-free medium, epidermal growth factor (EGF) stimulated [ 3 H]thymidine uptake by quiescent intimal SMCs at a rate six times higher than quiescent medial SMCs. There was no significant difference between the two cell types in terms of the number of specific EGF receptor per cell, the dissociation constant of EGF, and the time course of EGF binding and internalization.
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Masako Mitsumata, Shinobu Gamou, Nobuyoshi Shimizu, Yoji Yoshida Abstract Increased proliferation of intimal smooth muscle cells (SMCs) plays an important role in the early phase of atherogenesis. To investigate growth mechanisms of these cells, we used intimal SMCs from rabbits fed an atherogenic diet and examined the sequential events that may facilitate induction of intimal SMC proliferation as well as the possible effects of growth-promoting factors secreted by these cells. In serum-free medium, epidermal growth factor (EGF) stimulated [ 3 H]thymidine uptake by quiescent intimal SMCs at a rate six times higher than quiescent medial SMCs. There was no significant difference between the two cell types in terms of the number of specific EGF receptor per cell, the dissociation constant of EGF, and the time course of EGF binding and internalization. Furthermore, in both types of cells, c-fos, c-jun, and c-myc mRNAs were induced after 1,1, and 4 hours of EGF treatment, respectively, whereas they required 8 hours of contact with EGF to induce proliferation. Growth response of medial SMCs to F eeding an atherogenic diet to rabbits for 3 months results in remarkable intimal thickening of the thoracic aorta. 1 Together with extensive fatty deposits and an increase in extracellular matrix, numerous cells identified as smooth muscle cells (SMCs) by a muscle-actin-specific monoclonal antibody 2 appear in the thickened intima. 3 - 5 Moreover, incorporation of [ 3 H]thymidine into intimal cell nuclei is relatively high, resulting in a labeling index of 4.71 ±3.64%, whereas it is negligible in the media. 1 Even though macrophages may be present and some may be labeled, the difference in labeling index between intima and media strongly suggests that intimal SMCs proliferate at a higher rate than medial SMCs. To compare the growth potential of these intimal SMCs with medial SMCs, we developed in vitro cultures of intimal SMCs isolated from explants of thickened intima and compared them with medial SMCs obtained from explants of media. Cellular outgrowth from intimal explants was consistently faster than that from medial explants and, when subcultured, intimal SMCs reached higher cell numbers than comparable medial SMCs. 6 -7 It is generally accepted that enhanced growth properties of intimal SMCs play an important role in the initiation and progression of human atherosclerosis 8 and that growth factors might accelerate proliferation of vascular SMCs in an autocrine and/or paracrine manner. 9 Thus, we extended our work to examine the growth mechanisms of intimal SMCs in comparison with those of medial SMCs in vitro. Because epidermal growth factor (EGF) is present in platelets 1011 and is therefore likely to come in contact with cells in the vascular wall, we examined the effect of EGF on the growth of intimal and medial SMCs and compared it with the effect of fibroblast growth factor (FGF), a known potent angiogenic factor. Our initial studies indicate that intimal SMCs respond to EGF significantly differently than do medial SMCs, whereas both cell types react to FGF to a similar degree. We therefore chose EGF as a stimulant to investigate the growth mechanism of intimal SMCs and examined the sequential events that may facilitate induction of SMC proliferation when stimulated by EGF, as well as the possibility that additional growth-promoting factors may be secreted by intimal SMCs.
Methods

Cell Culture
As described in detail elsewhere, 7 intimal SMCs were isolated from thickened intimas of thoracic aortas of male New Zealand White rabbits that were fed a diet supplemented with 1% cholesterol and 5% lard for 3 to 4 months. Briefly, the endothelial cell layer and adventitia were removed, and the thickened atherosclerotic intima was peeled away from the media with forceps and a razor blade while being viewed under a dissecting microscope. The explants were prepared by cutting the isolated intima into 1-to 2-mm 2 pieces. For each preparation, at least 15 explants were prepared for histological examination to confirm that they were indeed free of endothelium, media, or adventitia. The media was also isolated from 
Immunocytochemistry
To confirm the identity of cultured SMCs and the absence of contaminating macrophages, intimal SMCs were stained with monoclonal antibodies for actin filaments and cytoplasmic antigens of tissue-type macrophages by indirect immunofluorescence 2 and a modified avidin-biotinylated peroxidase complex (ABC) method, respectively, of Tsukada et al. 12 Briefly, ABC staining was performed on cells fixed in 4% buffered formaldehyde for 1 minute at room temperature. The antibody, diluted 1:1000, vol/vol, was applied to the cells for 1 hour at room temperature and was followed by serial incubations in 1:500, vol/vol, dilutions of phosphate-buffered saline (PBS) of biotinylated anti-mouse IgG for 1 hour and ABC complex in PBS for 30 minutes. Peroxidase activity was visualized with 3,3'-diaminobenzidine. Muscle-actin-specific (HHF-35), 2 smooth muscle actin-specific (CGA-7), 2 and macrophagespecific (RAM-11) 12 monoclonal antibodies were a gift of Dr T. Tsukada, Tokyo Medical and Dental University, Tokyo, Japan.
Growth-Stimulating Factors
Receptor-grade EGF, extracted from the submaxillary glands of mice, was purchased from Collaborative Research Inc. Basic FGF, extracted from bovine brain, was purchased from Toyobo Co, Ltd.
LDS was isolated from the sera of rabbits that were fed standard rabbit chow. After the serum was mixed with an equivalent volume of carboxymethyl-Sephadex C-50 overnight at 4°C to remove any PDGF, 13 the LDS was isolated by ultracentrifugation at a density of 1.24 g/mL and dialyzed against PBS, Hanks' balanced salt solution, and finally DMEM.
Conditioned medium was prepared by plating 8 x 10 5 intimal or medial SMCs into 100-mm culture dishes. When confluent, the cultures were washed extensively with PBS and then incubated for 24 hours in DMEM alone (8 mL per dish). For the next 3 days, this serum-free medium was aseptically collected and centrifuged at 3000 rpm for 15 minutes, and the resulting supernatant was used as intimal SMC-conditioned medium or medial SMC-conditioned medium.
Cell Proliferation
Cell proliferation was assayed by either incorporation of ]thymidine (specific activity, 6.7 Ci/mmol), harvested by the use of trypsin, homogenized, and precipitated with trichloroacetic acid and ether. Radioactivity in the trichloroacetic acid-insoluble fraction was determined with the use of a scintillation counter. An aliquot of homogenate was used to assay the protein concentration by the method of Lowry.
To generate a growth curve, 2x10" or lxlO 5 cells were plated in separate 35-mm dishes, and the cells were counted on days 1, 3, 5, and 7 with use of a hemocytometer. 
Receptor Binding and Oncogene Induction
Cells were seeded in separate 60-or 100-mm culture dishes at a density of 1. I-labeled EGF in Earle's balanced salt solution containing 0.1% bovine serum albumin at either 4°C or 37°C for selected times. After incubation the cells were washed four times with Earle's balanced salt solution containing 0.1% bovine serum albumin and solubilized in 1 mL IN NaOH, and the total radioactivity was determined with a gamma counter. 15 Nonspecific binding was determined in the presence of a 500-fold excess of cold EGF with 1 ng/mL 125 I-EGF. A Scatchard plot analysis was performed by incubating the cells for 4 hours at 4°C with 1 ng/mL 125 I-EGF with increasing concentrations of unlabeled EGF, resulting in final EGF concentrations that ranged from 0.5 to 100 ng/mL medium.
To examine the mRNA expression of c-fos, c-myc, and c-jun, ceils in 100-mm dishes were incubated in DMEM containing 50 ng/mL EGF for 1 to 4 hours. After total cellular RNA was 
Statistical Analysis
All the results of cell proliferation experiments are expressed as mean±SD and were analyzed by Student's t test. Statistical significance was assumed if P<.02.
Results
Immunocytochemical Analyses
The explants were histologically confirmed to consist exclusively of intima as reported previously. 5 We have also shown that during the early period of cell culture, spherical foam cells laden with lipid droplets can be observed among elongated SMCs in the colonies that surround intimal explants. However, these foam cells become detached and gradually decrease in number; the remaining few do not survive trypsinization. Consequently, first-passage cultures consist exclusively of elongated cells. 7 The present study further demonstrates that all elongated first-passage cells react positively with muscle-and smooth muscle actin-specific monoclonal antibodies; no cells have been identified that react with the macrophage-specific monoclonal antibody, although foam cells in primary colonies do react with the macrophage-specific monoclonal antibody (Fig 1) .
Growth Curves
To investigate the growth properties of intimal SMCs in further detail, we determined [ 3 H]thymidine uptake and the number of cells under optimal conditions, ie, in DMEM supplemented with 10% FCS. Intimal SMCs showed a 3.6-to 3.8-fold higher uptake of [ 3 H]thymidine on days 1, 2, and 3 and a 3.7-fold (lxlO 5 plated cells per dish) and 2.2-fold (2xlO 4 cells plated per dish) higher yield in cell number on day 7 than did medial SMCs (Fig 2A and 2B ).
Cell Proliferation Stimulated by EGF in Serum-Free Medium and Minimum Contact Time With EGF Needed to Induce Cell Proliferation
In serum-free medium, DNA synthesis of intimal SMCs was also higher than that of medial teau at a concentration of 50 ng/mL (data not shown). We therefore stimulated cells with EGF in concentration up to 100 ng/mL. Intimal SMCs responded to EGF at a remarkably higher rate than comparable medial SMCs and incorporated 6.4 to 8.7 times as much (Table 1 ). In contrast, both cell types reacted to FGF with a similar degree of DNA synthesis, regardless of the presence or absence of LDS (Table 2) .
In serum-free medium, the minimum contact time with EGF needed to induce proliferation of intimal SMCs was =8 hours. Similar results were obtained when LDS was added to the aforementioned medium. Although the minimum essential contact time with EGF was identical for intimal and medial SMCs, [ 3 H]thymidine incorporation into medial SMCs in serum-free medium in response to EGF was only about one third that of intimal SMCs (Fig 3) .
Receptor Binding and Oncogene Induction
The time course of specific EGF binding is shown in c-fos and c-jun mRNAs were expressed in both intimal and medial SMCs after incubation with EGF for 1 hour, c-myc mRNA was expressed after 4 hours in both cell types as well (Fig 6) .
Serum Effect on Cell Growth Stimulated by EGF
Although the growth response of medial SMCs to EGF in serum-free medium was extremely low, addition of LDS to the medium induced a significant response to EGF, resulting in increased [ 3 H]thymidine incorporation comparable to that of intimal SMC (Fig 7) . These data, together with the observation that intimal SMCs respond to EGF in the absence of LDS, suggest that unlike medial SMCs, intimal SMCs may secrete growthpromoting factors that are similar or identical to the growth factors in LDS. Such factors may cooperate with EGF in inducing cell proliferation in an autocrine manner, even in the absence of serum. To investigate this assumption, we performed further experiments with intimal-medial SMC cocultures and conditioned media from both cell types.
Effect of Coculture and Conditioned Media on Cell Proliferation
EGF in serum-free medium induced a twofold to fourfold higher increase in [ relative to the same cells in monoculture. This still occurred even when the plating density of intimal SMCs was reduced to 3x10" cells per well (Table 3) .
When conditioned medium was used to stimulate medial SMCs, [ (Fig 8) .
Discussion
The features that most distinguish cultured intimal SMCs from medial SMCs in our in vitro studies are To investigate early atherogenesis, we used medial SMCs from rabbits that were fed normal chow. However, in a previous study we compared medial and intimal SMCs from thoracic aortas of rabbits fed a high-fat diet and we obtained similar results.
7 Similar findings have also been reported by other investigators who used intimal SMCs isolated from thickened intimas formed as a result of endothelial denudation. 18 These results indicate that, even after being isolated and subcultured in vitro, intimal SMCs preserve their in vivo characteristics of proliferation. EGF stimulates replication of quiescent arterial medial SMCs 1923 similar to that of other mesenchymal cells. 24 - 25 It is generally assumed that the addition of serum is necessary for EGF to stimulate proliferation of SMCs. 22 In fact, medial SMCs in this study responded well to EGF when incubated in DMEM with LDS. However, in serum-free medium, the proliferative response to EGF (100 ng/mL) was only =11% of that obtained with serum. In contrast, EGF induced a strong proliferation in intimal SMCs, even in serum-free medium, that was comparable to that obtained in medium with serum added.
Because the minimum contact time with EGF necessary to induce cell proliferation was about 8 hours, we examined the cellular events that were evoked earlier than 8 hours. In agreement with other reports, 34 have demonstrated EGF-stimulated expression of c-myc and c-fos mRNA in vascular SMCs. In this study, we investigated the expression of c-fos, c-jun, and c-myc mRNA in response to EGF in medial and intimal SMCs and found that both cell types express the three proto-oncogenes in almost the same manner. Moreover, although both types of SMCs express proto-oncogenes within 4 hours of EGF stimulation, it is not until after 8 hours of contact with EGF that DNA synthesis is induced. These results suggest that mRNA expression of c-fos, c-jun, and c-myc may not be directly coupled to the induction of enhanced cell proliferation of intimal SMCs.
It has been shown that vascular SMCs produce and secrete growth factors, such as PDGF 3537 and insulinlike growth factor, 38 and thrombospondin, 20 which may synergistically accelerate proliferation with EGF in an autocrine and/or paracrine manner. On the other hand, SMCs also secrete growth inhibitors, such as heparan sulfate moieties. 3941 In this study, intimal SMCs but not medial SMCs secreted a substance into the medium that promoted proliferation of medial SMCs and cooperated with EGF to further enhance proliferation of medial SMCs. In contrast to the effect of the medium conditioned with intimal SMCs, coculture with intimal SMCs did not promote DNA synthesis in medial SMCs unless EGF was also present. This lack of effect is probably due to an insufficient amount of growth-promoting factors secreted by the limited number of intimal SMCs on the small area of the filter. Our results suggest that growth-promoting substances secreted by intimal SMCs may be factors, other than PDGF and lipoproteins, that are normally present in rabbit serum.
It is also possible that substances secreted by intimal SMCs may act as antagonists to growth inhibitors, such as heparin, which prevents the transition of SMCs from the G o /G, to the S phase. Although EGF was shown to overcome heparin inhibition, this was ineffective when SMCs were pretreated with heparin for 48 hours before the addition of EGF. 22 Thus, it appears that quiescent medial SMCs, whose growth is suppressed in an autocrine manner by heparin-like substances, are enabled by EGF to proceed from the G o to the G, phase and to express mRNA proto-oncogenes but cannot proceed to the S phase in the absence of serum. Intimal SMCs, on the other hand, proceed to the S phase under EGF stimulation even in the absence of serum; this difference is conceivably due to the secretion of some as-yetunknown substance(s) that can inactivate the growth inhibitors.
